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Abstract Spotted wing drosophila, Drosophila suzukii, is

a devastating invasive pest of small and stone fruits in the

Americas and Europe. To better understand the population

dynamics of D. suzukii, we reviewed recent work on

juvenile development, adult reproduction, and seasonal

variation in life history parameters including the abiotic/

biotic factors that influence these processes. Juvenile

development is optimal at moderately warm temperatures,

and larvae exhibit some immunity to parasitism. Adults use

visual cues and substrate-borne vibrations for courtship and

exhibit a bimodal locomotor activity pattern (except mated

females). Under 20–27 �C and various conditions, devel-

opment from egg to adult can take 10–17 days, females

first lay eggs within 1–8 days and their lifetime fecundity

varies from\100 to[400. Oviposition is consistently high

in raspberry hosts and fruits with lower penetration force,

and the presence of Wolbachia endosymbionts can lower

fertility. Drosophila suzukii exhibit seasonal variation with

a darker winter morph that is more cold tolerant. Also, D.

suzukii likely undergo reproductive diapause in the fall,

with colder temperatures and shorter day lengths influ-

encing reproduction. To develop viable IPM programs for

D. suzukii, knowledge of abiotic and biotic conditions that

impact D. suzukii life history parameters and population

dynamics is critical, and gaps in the current knowledge are

discussed.
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Key message

• We review recent work on the biotic and abiotic factors

impacting Drosophila suzukii biology and physiology

to facilitate the development of integrated pest control

strategies.

• Abiotic and biotic conditions affect developmental

times from egg to adult, survivorship, longevity, and

fecundity; and development can take 10–17 days;

preoviposition period is 1–8 days; lifetime fecundity

varies from\100 to[400 eggs.
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• D. suzukii exhibit diel periodicity in courtship, ovipo-

sition, and locomotion; larvae exhibit some resistance

to parasitism; and D. suzukii may exhibit seasonal

phenotypes and reproductive diapause.

Introduction

Life history parameters such as reproductive potential and

developmental rate determine insect population growth and

speed of colonization in agroecosystems (Ferro 1987).

Climate, host quality, and other biotic factors such as

symbionts and natural enemies can impact insect develop-

ment, reproduction, and survivorship, ultimately determin-

ing whether insect populations can reach densities that are

economically damaging (Ferro 1987; Awmack and Leather

2002; Caminade et al. 2012; Kellermann et al. 2012).

Approximately 40 % of insect and mite pests of agroe-

cosystems are invasive (Pimentel 1993; Pimentel et al.

2005), and invasive species are often among the most

economically damaging pests. Moreover, invasive species

have expanded their range, which may be associated with

adaptations to newly invaded areas or niche shifts (Mon-

ceau et al. 2014; Asplen et al. 2015; Haye et al. 2015).

Spotted wing drosophila, Drosophila suzukii (Matsumura)

(Diptera: Drosophilidae), began a rapid global range

expansion in 2008 and has emerged as a devastating inva-

sive pest of small and stone fruits in the Americas and

Europe (Walsh et al. 2011; Cini et al. 2014; Deprá et al.

2014). To understand the population dynamics of D. suzukii

and develop management strategies for areas within the

expanded range, it is important to evaluate factors relevant

to invaded habitats and populations within the expanded

range. Comparing these values with those determined using

populations from the native range is also informative.

Here we review recent work on the biotic and abiotic

factors that impact the biology, ecology, and physiology of

D. suzukii. This manuscript focuses on the aspects of these

topics that have received recent attention by the research

community and by no means is a comprehensive review of

the entirety of these topics. Specifically, we review:

• Juvenile development

• Climate and host constraints

• Pupation

• Parasitism and immune response

• Reproduction

• Courtship and diel periodicity in adult activity

• Oviposition and factors influencing oviposition:

ovipositor morphology, climate, host, and Wol-

bachia infections

• Age-specific reproduction and lifespan

• Adult seasonal biology

• Overwintering physiology

• Reproductive diapause

Juvenile development

Drosophila suzukii development is temperature dependent

and developmental time decreases with increasing tem-

perature until hotter temperatures induce thermal stress.

Laboratory studies of temperature-dependent development

vary, with D. suzukii developing most rapidly between 26

and 28 �C at constant temperatures and exhibiting highest

adult emergence rates between 20 and 26 �C at constant

temperatures (Kinjo et al. 2014; Tochen et al. 2014; Asplen

et al. 2015). This variation is unsurprising given the dif-

ferent experimental methods used to gather data. A subset

of recent egg to adult development data from published

experiments that occurred between 20 and 27 �C are pre-

sented with their rearing conditions in Table 1. The mini-

mum threshold average daily temperature for development

was recently estimated to be 11.6 �C under fluctuating

natural conditions (Tonina et al. 2016), and 7.2 �C at

constant laboratory conditions (Tochen et al. 2014).

The larval substrate is an experimental parameter that is

often varied in development experiments, and larval host

nutritional quality impacts D. suzukii development time

and survivorship (Lee et al. 2011; Bellamy et al. 2013;

Burrack et al. 2013; Hardin et al. 2015; Jaramillo et al.

2015; Lee et al. 2015b). Drosophila suzukii development

on various fruit hosts varies significantly by fruit type

(Table 1, Lee et al. 2011; Bellamy et al. 2013; Burrack

et al. 2013; Tochen et al. 2014; Lee et al. 2015b). Variety

and fruit ripeness impact D. suzukii development and

success, and D. suzukii tends to perform better in no-choice

scenarios on the commercial hosts assayed relative to the

non-crop and ornamental hosts that have been assayed (Lee

et al. 2011, 2015b). Among the commercial hosts that have

been evaluated in the laboratory, such as cherries, black-

berries, raspberries, and strawberries, D. suzukii seems to

better develop on raspberries (Lee et al. 2011; Bellamy

et al. 2013; Burrack et al. 2013; Tochen et al. 2014).

Additionally, diet quality interacts with larval density,

affecting development time and adult emergence rates

(Tochen et al. 2014; Hardin et al. 2015). The largest dif-

ferences in development time on different substrates were

reported at the highest densities (1.61 days difference

between the standard Drosophila media and yeast-free

media at highest density), and the largest differences in

adult emergence were reported at the higher densities (20
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and 40) between the standard and molasses-free media

(Hardin et al. 2015). However, the effect of larval density

on development has not been evaluated for most fruit hosts.

Like other Drosophila species, microbes likely play an

important role in host nutritional quality as bacteria and

yeasts have been isolated from D. suzukii larval frass

(Hamby et al. 2012; Chandler et al. 2014). The importance

of yeast as a protein source is known for D. melanogaster

(Good and Tatar 2001; Tu and Tatar 2003), and appears

necessary for egg production in lab-reared D. suzukii (A.

Wallingford, unpublished data). Overall, laboratory egg to

adult development time between the relatively optimal

temperatures of 20–27 �C varied by about 1 week from the

shortest reported time of 9.7 days to longest development

time of 17.1 days (Table 1). Currently, little is known

about the effect of yeast on larval diet suitability, devel-

opment time, and survival rate although work in other

Drosophila indicates that yeasts increase host suitability

(Tatum 1939; Becher et al. 2012).

Drosophila suzukii pupariation and pupation often occur

partially external or fully external to the larval fruit host

(Asplen et al. 2015). Moreover, if pupae are located within

the fruit the anterior spiracles of the puparium will often be

external to the fruit. Recent work using artificially infested

fruit (a high larval D. suzukii density was reached by

bagging colony flies on fruit clusters in the field) demon-

strated that around 90 % of 3rd instar D. suzukii may leave

the fruit to pupate in the soil (Woltz et al. unpublished).

Such wandering behavior is common among 3rd instar

Drosophila and other brachyceran flies (Sokolowski et al.

1984). Further research investigating variability in pupa-

tion site choice in different hosts and climates is necessary

because this may be a weak point in the D. suzukii life

cycle that can be exploited for management. The

Table 1 Rearing conditions and mean egg (or first instar as noted) to adult development time for recently published work rearing D. suzukii

between 20 and 27 �C

Host substrate Temp. (�C) L:D Humidity (%RH) Density #D. suzukii Development (days)a Reference

Blackberry agar 24–27 16:8 80 ND 10.2 Bellamy et al. (2013)

Blueberry 25 13:11 ND 10 10.6 Jaramillo et al. (2015)

Blueberry 20.6 16:8 71 B5 16.3 Tochen et al. (2015)

Blueberry 22 16:8 60–70 B5 14.0b Tochen et al. (2014)

Blueberry 26 16:8 60–70 B5 10.9b Tochen et al. (2014)

Blueberry agar 24–27 16:8 80 ND 10.7 Bellamy et al. (2013)

Cherry 22 16:8 60–70 B5 14.0b Tochen et al. (2014)

Cherry 26 16:8 60–70 B5 10.8b Tochen et al. (2014)

Cherry agar 24–27 16:8 80 ND 9.7 Bellamy et al. (2013)

Grape agar 24–27 16:8 80 ND 12.1 Bellamy et al. (2013)

Grape 25 16:8 60 ND 16.9 Lin et al. (2014a)

Media 22 15:9 25 1 12.8 Emiljanowicz et al. (2014)

Media 20 12:12 50–65 5 14.9 Hardin et al. (2015)

Media 20 12:12 60 50 16.8b,d Asplen et al. (2015)

Media 20 12:12 60 50 17.1b,e Asplen et al. (2015)

Media 25 13:11 ND 10 11.7 Jaramillo et al. (2015)

Media 25 16:8 60 1 11.3c Kinjo et al. (2014)

Media - molasses 20 12:12 50–65 5 15.6 Hardin et al. (2015)

Media - yeast 20 12:12 50–65 5 15.5 Hardin et al. (2015)

Peach agar 24–27 16:8 80 ND 10.3 Bellamy et al. (2013)

Raspberry 20 12:12 50–65 5 14.7 Hardin et al. (2015)

Raspberry agar 24–27 16:8 80 ND 10.1 Bellamy et al. (2013)

Strawberry agar 24–27 16:8 80 ND 10.9 Bellamy et al. (2013)

a Published mean development time in days for either both sexes mixed or females only, SE are not reported numerically in all publications and

therefore are not reported
b Females only
c Development of 1st instar larvae to adult determined by summation of mean development time from 1st instar larva to pupa and pupa to adult
d French population
e Spanish population
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periodicity of pupation and eclosion are also important

management considerations. While D. suzukii pupation and

adult eclosion were observed during all 4 h periods eval-

uated including nocturnal time points, a peak in pupation

was seen from 8 a.m. (ZT3.5) [Zeitgeber time (ZT) from

the beginning of photophase (ZT0)] to 12 p.m. (ZT7.5)

under 16:8 L:D, and adult eclosion was highest in the hours

just before and after lights turned on [12 a.m. to 8 a.m.

(ZT3.5)] (Lin et al. 2014b).

Parasitism and immune response

Larval and pupal parasitoids of Drosophila have been

evaluated for D. suzukii management (Daane et al. 2016).

Pupal parasitoids, including the generalist parasitoids

Pachycrepoideus vindemiae (Rondani) (Hymenoptera:

Pteromalidae) and Trichopria drosophilae Perkins (Hy-

menoptera: Diapriidae), can successfully develop using D.

suzukii as a host in the U.S. and Italy (Chabert et al. 2012;

Rossi Stacconi et al. 2013, 2015; Miller et al. 2015; Maz-

zetto et al. 2016; Wang et al. 2016a). This widely dis-

tributed fruit fly generalist began attacking D. suzukii post

invasion. It is unclear whether Drosophila pupae can mount

immune responses or otherwise defend themselves against

pupal parasitoids (Kacsoh and Schlenke 2012). D. suzukii

pupae do not seem to be more resistant to parasitoids than

D. melanogaster for two pupal parasitoid species (3 strains)

that were tested (Kacsoh and Schlenke 2012). Yet, larval

parasitoids of D. suzukii can be subjected to a strong

melanotic encapsulation immune response, and black cap-

sules can be found in the abdomen of wild-caught adults.

Drosophila hemocytes are an important component of

melanotic encapsulation of parasitoid wasp eggs (Carton

et al. 2008; Kacsoh and Schlenke 2012). First, plasmato-

cytes recognize the foreign egg and trigger the differentia-

tion of pro-hemocytes and other circulating plasmatocytes

into lamellocytes (Kacsoh and Schlenke 2012). Then,

lamellocytes attach to and encapsulate the egg (Carton et al.

2008; Kacsoh and Schlenke 2012). In the final stages of

encapsulation, the inner cells release reactive oxygen spe-

cies and produce an impermeable layer of melanin (Kacsoh

and Schlenke 2012). Lamellocytes and crystal cells have

been implicated as sources of phenoloxidase-mediated

melanogenesis (Carton et al. 2008). The D. suzukii larval

standing immune defense (constitutive hemocyte produc-

tion) measured by plasmatocyte, podocyte, and crystal cell

numbers is higher than in D. melanogaster. Their induced

production (12 and 24 h after parasitoid attack) of podo-

cytes and lamellocytes is also elevated (Kacsoh and Sch-

lenke 2012). Indeed,D. suzukii larvae are significantly more

resistant to wasp parasitism than D. melanogaster, encap-

sulating more parasitoid eggs and successfully eclosing as

adult flies more frequently. Of twenty-one larval parasitoids

strains (from 12 species) tested against D. suzukii, a pro-

portion of eggs from all species were encapsulated, whereas

D. melanogaster could encapsulate only 8 species (Kacsoh

and Schlenke 2012). Melanotic capsules were recently

found in the abdomen of wild D. suzukii adults captured

through vinegar traps in central California (Wang et al.

2016b). The larval parasitoid that most frequently defeated

the immune response of D. suzukii, Asobara japonica

Belokobylskij (Hymenoptera: Braconidae), is sympatric

with D. suzukii in Japan and South Korea (Nomano et al.

2015; Daane et al. 2016). However, other larval parasitoids

in the Ganaspis and Leptopilina genera can successfully

complete development on this pest.

Reproduction

Courtship and diel activity

Drosophila courtship may include visual displays, aerial

vibrations, substrate-borne vibrations, and short-range sex

pheromones. In many species with spotted wings, including

D. suzukii, courtship behavior includes a visual display that

orients the male’s wing spots towards the female (Fuyama

1979; Kopp and True 2002; Tomaru and Yamada 2011;

Revadi et al. 2015). In addition to melanized spots, recent

work suggests that wing interference patterns in transparent

wings of Drosophila are taxon specific and sexually

selected (Shevtsova et al. 2011; Katayama et al. 2014),

although the role of wing interference patterns in D. suzukii

courtship is unknown. Visual and acoustic cues are com-

bined during D. suzukii courtship, and male D. suzukii

produce species-specific substrate-borne vibrations rather

than aerial vibrations (Mazzoni et al. 2013). These sub-

strate-borne vibrations are likely transmitted to the sub-

strate directly via the legs because males with amputated

wings can still produce the vibrations. Male D. suzukii have

a repertoire of two different sounds, the first is associated

with abdominal quivering and produces a vibration with

variable pulse intensity and interpulse interval. Prior to the

emission of the second sound, a ‘‘toot’’ or frequency-

modulated sound with clear harmonic structure, accelerated

abdominal quivering typically occurs (Mazzoni et al.

2013). Most Drosophila males produce a close-range

pheromone, cis-11-octadecenyl acetate (cVA), which

impacts a variety of sexual and social behaviors. Addi-

tionally, species-specific and sex-specific cuticular hydro-

carbons (CHC) can act as contact sex pheromones for

Drosophila (Tomaru and Yamada 2011; Dekker et al.

2015; Revadi et al. 2015). Depending on the species, the

pheromone may be female produced or male produced

(Tomaru and Yamada 2011). Surprisingly, D. suzukii do

not produce cVA and perfuming males with cVA results in

reduced mating rates (Dekker et al. 2015); though female
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CHCs may impact D. suzukii courtship as mating activity

increases in the presence of CHCs. Further experiments are

necessary to confirm behavioral activity and clarify the role

CHCs play in courtship (Revadi et al. 2015).

Mating, locomotor, and oviposition activity vary with

time of day. Diurnal mating activity was quantified as the

number of mating couples, and counted during 3 h inter-

vals under a 12 h photoperiod at constant 23 ± 2 �C
(Revadi et al. 2015). Significantly more couples mated

within the first 30 min after lights on, and the first interval

from 6 a.m. (Zeitgeber time (ZT) 0) to 9 a.m. (ZT3)

exhibited the highest mating activity compared to the other

3 h periods (Fig. 1b, Revadi et al. 2015). Nocturnal

courtship activity was not measured in this study. Lin et al.

(2014b) evaluated copulation rhythms every 4 h for 48 h

under a 16:8 L:D cycle at 25 ± 1 �C. Mating couples were

recorded at every time point (including time points that

were nocturnal), with peak copulation occurring on the

second day during the 8 a.m. (ZT3.5) to 12 p.m. (ZT7.5)

interval. This copulation peak occurred later in the light

cycle (after ZT3) when compared to the previous study,

perhaps due to the extended daylight period. Drosophila

locomotor activity assays were performed using the Dro-

sophila Activity Monitoring System using either virgin

females or males (Hamby et al. 2013). Under simulated

summer conditions with 14:10 L:D photoperiod and 22.2/

12.2 �C max/min temperature, peak activity of both male

and female flies occurred during the lights-on period, with

a bimodal activity pattern where maximum activity occurs

near dawn and dusk (Hamby et al. 2013, Fig. 1a). How-

ever, a unimodal peak in activity was exhibited during the

period of peak temperature under simulated winter condi-

tions with 11:13 L:D and 16.7/6.8 �C max/min temperature

(Hamby et al. 2013). A recent study showed a similar

bimodal activity pattern with a quiescent afternoon (siesta)

period for males and virgin females, whereas mated

females were more active overall and active during the

siesta period (Ferguson et al. 2015). Feeding activity is

higher during the daylight hours under 16:8 L:D cycle and

constant 25 ± 1 �C, with slightly more feeding in the

morning relative to the afternoon (Lin et al. 2014b). Pre-

vious unpublished work by York et al. evaluated circadian

oviposition patterns when D. suzukii were reared on Dro-

sophila diet under a 12:12 L:D photoperiod 21.4/9.0 �C
max/min temperature [peaking at 6 p.m. (ZT11)] with

gradually ramping light intensity [peaking at 4 p.m.

(ZT9)]. Oviposition started at 11 a.m. (ZT4) increasing to a

maximum rate of 11 eggs/female/hour at 5 p.m. (ZT10)

and ceasing at 2 a.m. (ZT19) (York et al. unpublished,

Fig. 1c). This oviposition peak occurred 1 h prior to lights

off. Previous work under a 16:8 L:D cycle observed a peak

in oviposition from 8:00 p.m. (ZT15.5) to 12:00 p.m.

(ZT19.5), a period that was mostly nocturnal [lights off at

8:30 p.m. (ZT16)] (Lin et al. 2014b). Overall, peaks in

locomotor activity at 14:10 L:D align relatively well with

peaks in mating activity and oviposition under 12:12 L:D

and warmer temperatures (Fig. 1). Other factors impacting

oviposition are discussed in the following section.

Oviposition and factors influencing oviposition

Drosophila suzukii females can be characterized by the of

the oviscape valve (bilateral pair of ovipositor plates),

which has enabled their utilization of fresh fruit hosts

Fig. 1 Zeitgeber time (ZT), natural time, and light intensity are

shown on the X-axis. Light intensity is indicated by gray and white

shading where appropriate within the horizontal bars beneath the

graph. a Female D. suzukii circadian locomotor activity monitored

using the Drosophila activity monitoring system. Black bars lights

off; dark gray bars dim light (1 bank of lights); white bar bright light

(2 banks of lights). The temperature range was 12.2–22.2 �C with the

peak temperature of 22.2 �C occurring between 2 p.m. (ZT8) and

3:30 p.m. (ZT9.5). Modified from Hamby et al. (2013). b Diurnal

mating activity of D. suzukii during the first 30 min of each three-hour

time interval. Nocturnal mating activity was not measured. Black

bars = lights off, white bar = lights on. Temperature was a constant

23.0 ± 2.0 �C. Modified from Revadi et al. (2015). c Black bars

lights off, shaded bar gradually ramping light intensity. Peak light

intensity occurred at 4 p.m. (ZT9). The temperature range was

9.0–21.4 �C with the peak temperature of 21.4 �C occurring at 6 p.m.

(ZT11). York et al. in the Supplemental Materials
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(Hauser 2011; Atallah et al. 2014). Mechanistically, insect

oviscape valves can move back and forth on one another

in a sawing motion that provides a functional basis for

piercing fruit tissue (Austin and Browing 1981). The

oviscape valves of D. suzukii are larger in area than most

other Drosophila and have thick, heavily pigmented bris-

tles near the distal tip of the valve, the region that comes

into contact with fruit (Atallah et al. 2014). In comparison

to D. subpulchrella Takamori and Watabe, D. suzukii have

more modified bristles on the lateral side of the oviscape

valve as well as more streamlined ‘‘sharp’’ shape as

measured by the length-to-width ratio (Atallah et al.

2014). As a female lays her eggs, the oviscape valves

ratchet against one another and the posteriorly oriented

denticles (ovipositor scales) on the inside of the valve

(part of the eversible membrane) act as a ‘‘linear ratchet’’

and produce unidirectional movement of the egg along the

ovipositor (Austin and Browing 1981, Fig. 2a–d, g–j). As

the eversible membrane fully expands, the now upright

denticles may anchor the ovipositor at an optimal depth

for egg deposition as the egg passes through and is

released (see Fig. 2e–f, k–l). While D. suzukii’s ovipositor

allows for oviposition in fresh fruit hosts, the physical

limitations likely impact oviposition preferences on fruit

hosts.

Oviposition preference has been correlated with ripeness

and varies significantly between fruit hosts, with pH, total

soluble solids (or Brix�), skin penetration force, firmness of

flesh, and indumenta (fuzz) (Lee et al. 2011; Burrack et al.

2013; Stewart et al. 2014; Lee et al. 2015a, b; Ioriatti et al.

2015). Fruit susceptibility can be lowered to a limited

degree using compounds such as foliar-sprayed calcium

silicate on blueberry fruit, which increases the penetration

force needed to pierce the epidermis (Lee et al. 2015a).

More eggs are laid on fruit without indumenta or where

previous damage to fruit allows flies to bypass the indu-

menta, and on fruit with lower skin penetration force,

higher pH, and higher total soluble solids (Burrack et al.

2013; Stewart et al. 2014; Lee et al. 2015a). In laboratory

no-choice assays, more eggs were laid in raspberries

compared to blackberries, blueberries, and strawberries

(Burrack et al. 2013). Raspberries tend to be among the

most preferred fruit hosts in laboratory choice tests (Lee

et al. 2011; Bellamy et al. 2013), and are infested at a

greater rate than blackberries in the field (Burrack et al.

2013). Indeed, raspberries are among the fruit hosts with

Fig. 2 Drosophila suzukii scanning electron microscope (SEM)

oviposition image sequence by Dennis Margosan (see Supplemental

Materials). Lateral view (a) and posterior view (g) of the oviscape

valves that cut into ripe fruit and push eggs through the ovipositor in a

sawing action. Lateral view (b–d) and posterior view (h–j) of the

posteriorly oriented denticles on the eversible membrane of the

ovipositor expanding and pushing the egg unidirectionally between

the oviscape valves as egg deposition begins. Lateral view (e) and

posterior view (k) of fully expanded membrane where upright

denticles anchor the ovipositor at an optimal depth for egg deposition.

Lateral view (f) and posterior view (l) of oviscape valves as they are

withdrawn and the egg is released
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the lowest skin penetration force, 8.53 ± 0.31 cN as

measured by Burrack et al. (2013), and between 5.5 and

20.2 cN for ripe fruit as measured by Sexton et al. (1997).

Host not only affects female oviposition preference, but

also laboratory evaluated fertility and fecundity.

Fertility and fecundity have been measured in multiple

experiments, with lifetime fecundity varying from less than

100 to greater than 400 eggs (Table 2). Temperature,

humidity, and host were found to influence D. suzukii

reproductive output. Fecundity on cherry and blueberry

fruit at various constant temperatures and 60–70 % RH was

evaluated. More eggs were laid at 18 and 22 �C and sig-

nificantly higher oviposition was observed on cherries

across all temperatures (Tochen et al. 2014). While the

aforementioned study observed no oviposition at 30 �C, D.
suzukii were found to lay significantly more eggs in grape

juice agar at 25 �C compared to 28, 31, and 33 �C when

exposed for a 24 h oviposition period and were able to

produce eggs at the higher temperatures (Kinjo et al. 2014).

When mating couples were exposed to temperature treat-

ments for 4 days prior to oviposition at 25 �C, the number

of eggs laid decreased significantly as temperature

increased (Kinjo et al. 2014). Fertility declined as tem-

perature increased for both experiments; however, the

effect of temperature during mating resulted in more

extreme changes in fertility with no fertile egg production

when mating occurred for 4 days at 31 �C prior to ovipo-

sition at 25 �C (Kinjo et al. 2014). When D. suzukii were

exposed to fluctuating temperatures during mating with

8–12 h periods of high temperatures (31 or 33 �C) inter-
spersed with moderate temperatures (25 �C), fecundity and

fertility were significantly reduced compared to a constant

moderate temperature of 25 �C (Kinjo et al. 2014).

Humidity also impacts D. suzukii egg production. Flies

reared on blueberries at constant temperature (22 �C) laid
more eggs at higher humidity, with peak lifetime egg

production of 84.8 ± 11.2 eggs at 94 % RH (Tochen et al.

2015). While infection status of the a-Proteobacteria
Wolbachia was not tested among the females assayed for

fecundity, its presence can reduce Drosophila reproduction

(Hamm et al. 2014).

Drosophila species exhibit complex interactions with

Wolbachia that influence their fitness and reproduction.

Wolbachia are maternally transmitted endosymbionts that

often exhibit imperfect transmission. Therefore, Wolbachia

are expected to confer fitness benefits to the host or

manipulate host reproduction to achieve a stable infection

frequency in wild populations (Hamm et al. 2014). A

species-specific Wolbachia wSuz was recently separated

from wRi, a Wolbachia strain that is prevalent in Droso-

phila simulans Sturtevant (Siozios et al. 2013; Hamm et al.

2014). The geographic distribution and infection frequen-

cies of wSuz in wild populations suggest that the infection

is maintained stably; however, previously described

mechanisms for reproductive manipulation (e.g., cyto-

plasmic incompatibility) are not present in the wSuz

infection of D. suzukii (Hamm et al. 2014). Drosophlia

suzukii fecundity was evaluated for various crosses

between Wolbachia infected and uninfected D. suzukii, and

Wolbachia infected females produced fewer offspring than

uninfected females (Hamm et al. 2014). There was no

significant difference in fertility among the crosses from a

California population, with mean hatch rate ranging from

0.538 ± 0.07 to 0.596 ± 0.03. However, a New York

population exhibited significantly higher fertility

(0.51 ± 0.06) when uninfected females were crossed with

infected males. The hatch rate of the other New York

treatments ranged from 0.30 ± 0.06 to 0.38 ± 0.04. Cur-

rently, no fitness benefits have been discovered for wSuz;

though, mutualistic effects may explain Wolbachia preva-

lence (Hamm et al. 2014). Further research is necessary to

explain the mechanism for maintenance of wSuz infections

in D. suzukii (Hamm et al. 2014).

Age-specific reproduction and lifespan

Age-specific reproduction values have been measured in

multiple experiments with considerable variation in

reported time to first egg laying from around 1 day to

7.8 days (Table 2). Female D. suzukii have been reported

to lay their first egg about 4 days after emergence when

larvae were reared on blueberries or Drosophila media at

25 �C and 13:11 L:D (Jaramillo et al. 2015). While there

was no significant difference in time to the first egg laid

between these larval diets, there was a significant differ-

ence in the number of eggs laid in the first 7 days, with

more eggs laid by the flies that were raised on Drosophila

media (Jaramillo et al. 2015). One potential source of

variation between these studies could be the age of the

male flies provided as mates for the females. Revadi et al.

(2015) found that 100 % of freshly emerged females pro-

duced offspring 2.5 days after emergence when mated with

4-day-old males Drosophila media at 23 �C and 12:12 L:D,

whereas only 43 % of females placed with freshly emerged

males produced offspring. Indeed, it was not until 3.5 days

post emergence that 100 % of the freshly emerged pairs

produced offspring (Revadi et al. 2015). Another source of

variation is potential selection pressure on laboratory

colonies. Previously unpublished data compared a labora-

tory colony that had been cultured for around 3 months to a

first generation colony (Lee, see Supplemental Materials).

This study observed the mean age of first egg laying to be

between 3.7 and 7.8 days, with the longest time to ovipo-

sition and greatest daily oviposition in the 3-month-old

laboratory colony with Drosophila media as a substrate

(Table 2). The laboratory colony may have been selected
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for delayed reproduction because newly emerged adults

were gathered for some time and then given fresh media for

reproduction; therefore, the initial eggs laid on the media

that the adults emerged from were discarded. The age of

females at the time of peak reproduction varies between

experiments and with access to males (Emiljanowicz et al.

2014; Asplen et al. 2015; Lee Supplemental Materials), and

although egg production does eventually decline with age,

D. suzukii females lay eggs for very close to the entirety of

their lifespan (Emiljanowicz et al. 2014; Asplen et al.

2015). Additionally, the demographic growth parameters

estimated for D. suzukii are related with the environmental

conditions and the feeding substrate (Tables 1, 2). For

instance, the D. suzukii intrinsic rate of natural increase on

cherries vary from 0.02 to 0.22 at unfavorable and optimal

temperatures, respectively; while at 22 �C it was estimated

to be 0.22, 0.17, and 0.18 when using cherries, blueberries,

and cornmeal–yeast media, respectively (Emiljanowicz

et al. 2014; Tochen et al. 2014).

Adult lifespan of D. suzukii varies with temperature,

humidity, oviposition substrate, and adult food resources.

Total lifespan from egg to adult mortality was

86.1 ± 4.25 days with a maximum value of 153.7 days

(male) when reared on Drosophila media at 22 �C, 25 %

RH, and 15:9 (L:D) (Emiljanowicz et al. 2014). Tochen

et al. (2014) reported significant differences in female

survival rates between cherry and blueberry fruit as juve-

nile and adult hosts at 60–70 % RH, with higher sur-

vivorship on cherry when controlling for temperature.

Adult female longevity was longer at the lower tempera-

tures of 14, 18, 22 �C at 40.7, 44.2, and 14.9 days,

respectively when reared on cherries and 34.3, 28.3,

13.8 days, respectively than when reared on blueberries

(Tochen et al. 2014). Nevertheless, at 22 �C on blueberries

under varying humidity, D. suzukii adults survived signif-

icantly longer with increasing humidity, with highest

longevity of 27.5 ± 3.4 (females) and 20.3 ± 3.8 (males)

days at 94 % RH (Tochen et al. 2015). Egg laying and

longevity can be standardized over physiological time as

both these parameters are strongly impacted by physio-

logical age (Wiman et al. 2016).

Adult access to food resources affects Drosophila egg

production and longevity (Min et al. 2006; Kaçar et al.

2016). Drosophila suzukii adults emerge with limited

glycogen and sugar reserves, energetic reserves that are

utilized for maintenance and mobility (Tochen et al. 2016).

When provided access to sugar sources, freshly emerged D.

suzukii quickly increase their carbohydrate reserves, and

providing adult D. suzukii with cherry or blueberry blos-

soms extends their survivorship in the laboratory (Tochen

et al. 2016). Adult D. suzukii may also use microbes, such

as yeast and bacteria as suitable dietary resources (Hamby

et al. 2012; Chandler et al. 2014). Early season adult food

sources may play an important role in enabling overwin-

tering adults to maintain themselves when fruit hosts are

limited (Tochen et al. 2016). The impacts of season on

adult population dynamics and physiology are described in

the following section.

Adult seasonal biology

Seasonal monitoring of adult D. suzukii populations with

baited traps has been performed in many regions world-

wide (Burrack et al. 2012; Lee et al. 2013; Asplen et al.

2015). Captures typically begin at low levels in the spring,

building until a strong decline as soon as daily temperature

means increase above 30 �C in the hottest part of the

summer season (Wiman et al. 2014). This is subsequently

followed by another increase as soon as temperatures drop

below 30 �C (Dalton et al. 2011; Harris et al. 2014; Wiman

et al. 2014; Mazzetto et al. 2015; Wang et al. 2016b). This

summer decline is not seen in production regions where

temperatures do not reach these high thresholds. In central

California, higher fly numbers were captured in non-crop

habitats late in the growing season (Wang et al. 2016b),

highlighting the importance of area-wide D. suzukii control

programs. Traps placed in evergreen shrubs and trees

captured between 20 and 120 flies weekly from November

through the end of January while mean minimum monthly

temperatures ranged from 0 to 6 �C (Harris et al. 2014). In

some capture locations, temperatures reached -5 �C pre-

ceding weekly trap captures of ca. 20 D. suzukii; however,

in other locations, trap captures ceased after temperature

lows of -2 �C (Dalton et al. 2011). At the moment, it is

unclear whether D. suzukii adults overwinter in refugia

under leaf litter and snow, or by migrating to more shel-

tered (structures or woods) habitats (Dalton et al. 2011;

Harris et al. 2014). It is also possible that they migrate

longer distances to more favorable climates, although

specific studies are still lacking.

Many temperate Drosophila species diapause or migrate

seasonally, allowing them to endure or avoid unfavorable

conditions (Kimura and Beppu 1993; Schmidt et al. 2005;

Salminen et al. 2015). Evidence suggests that D. suzukii

progressively migrate to higher elevations over the summer

both in their native range and in Europe (Mitsui et al. 2010;

Tonina et al. 2016). Adult Drosophila are considered to be

chill susceptible and Drosophila have been used as models

for investigating acclimation responses to various climatic

stressors. In D. melanogaster, cold shock resistance

increases with latitude, as does the incidence of repro-

ductive diapause, although non-diapausing genotypes are

also found at northern latitudes (Tatar et al. 2001; Schmidt

et al. 2005; Schmidt and Paaby 2008). Without acclima-

tion, D. suzukii desiccation tolerance, measured as the time

J Pest Sci

123



to death following exposure to RH \5 % at 20 �C, was
17–19 h, and the critical thermal minimum where flies

entered chill coma (lost the ability to move any body part)

was between 3 and 4 �C (Kellermann et al. 2012). Various

experiments have evaluated the impact of short- to med-

ium-term acclimation of adult D. suzukii to cold tempera-

tures. Dalton et al. (2011) acclimated adult laboratory flies

to 10 from 22 �C by lowering the temperature 2.5 �C every

2 days (12 days total cold acclimation) prior to performing

thermal tolerance experiments. These acclimated flies were

then exposed to constant 1, 3, 5, 7, and 10 �C at 8:16 (L:D)

for 6 weeks and then photoperiod was changed to 12:12

(L:D) and flies were held for another 6 weeks. Within

8 days these adult flies reached 75 % mortality for 1 and

3 �C, and survived for up to 66 days at 10 �C (Dalton et al.

2011). Wallingford et al. (2016) evaluated chill coma

recovery after 24 h exposure to -1 �C among un-accli-

mated, cold-hardened (held at 10 �C for 24 h), and cold-

acclimated (light entrained to 12:12 L:D and held at 10 �C
for 7 days) D. suzukii. Cold-hardened and cold-acclimated

females survived significantly better than un-acclimated

females, and cold-acclimated females recovered signifi-

cantly faster than either the cold-hardened or un-acclimated

females (Wallingford et al. 2016). Jakobs et al. (2015)

subjected D. suzukii to acclimation treatments of rapid cold

hardening (chilling at 0 �C for 1 h), a constant temperature

acclimation (5 days at 6 �C), and a fluctuating acclimation

[2 weeks total of 1 week at 9/21 �C (min/max) for 12:12

L:D and a second week at 5.5/19 �C (min/max) 11.5:12.5

(L:D)]. Drosophila suzukii exhibited improved survival

after acute cold exposure (1 h at ca. -7 �C) and chill coma

recovery time relative to control flies after the longer

fluctuating and constant acclimation treatments. However,

no difference was observed in rapid cold hardening. This

study concluded that D. suzukii may lack a capacity for

rapid cold hardening or that treatment conditions were not

sufficient to induce rapid cold hardening in D. suzukii.

However, cold tolerance as measured by chill coma

recovery and survival of short-term acute cold treatments

(1–24 h at -1 to -7 �C) is improved by short- to medium-

term acclimation treatments (Jakobs et al. 2015; Walling-

ford et al. 2016). Jakobs et al. (2015) concluded that D.

suzukii must overwinter in sheltered habitats or exhibit

seasonal cold hardening to survive the winter climate in

Ontario.

Drosophila suzukii exhibit seasonal phenotypic plastic-

ity that may confer seasonal cold hardening (Stephens et al.

2015; Shearer et al. 2016). The mean wing length and

darkness of pigmentation of field-captured D. suzukii

increases as summer progresses to winter, and this winter

morph phenotype can be induced with short day length and

cooler temperatures (12:12 L:D and 10 �C) (Shearer et al.
2016). The winter morph phenotype can be observed from

October through December (when evaluated bimonthly

from 14 August to 11 December, 2012 in Hood River, OR)

(Shearer et al. 2016, Fig. 3a), and is accompanied by dif-

ferences in global gene expression (Shearer et al. 2016).

Indeed, when comparing a control laboratory fly reared at

16:8 L:D and 20 �C, hereafter referred to as the summer

morph phenotype, to winter morph flies, gene expression

differences are observed in both the head and the body.

These were assayed independently to increase the resolu-

tion of the gene expression analysis, given that they contain

tissues that play different roles in hormone regulation and

Fig. 3 Drosophila suzukii seasonal reproductive status and pheno-

type (summarized from Zerulla et al. 2015 and Shearer et al. 2016).

a Monthly mean hours of daylight (daylight hours) in Hood River,

OR, USA; period (morph) in the fall when D. suzukii winter

phenotype (morph) can be collected in Hood River, OR, USA

(October–December); and period (maturing eggs) when D. suzukii

females carry mature or maturing eggs in South Tyrol, Italy (April–

November). b Monthly mean min (dark gray) and max (black)

temperatures for 2012 Hood River, OR, USA (dashed lines) and 2013

Paganella, Italy (solid lines). See Supplemental Materials for methods

used to summarize data
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metabolism, e.g., the brain and fat body. Moreover, a

higher number of genes are differentially expressed and the

degree of differential expression (fold change) is more

extreme in the body as compared to the head. Gene

expression differences indicate that D. suzukii winter

morphs may exhibit altered metabolism compared to

summer morphs, with significant up-regulation of genes

involved in cellular respiration and metabolism. Genes that

are involved in morphogenesis, development, pigmenta-

tion, chitin biosynthesis, and cuticular protein synthesis

were also up-regulated, which is consistent with the larger

darker phenotype and may be associated with enhanced

desiccation resistance and cold tolerance (Shearer et al.

2016). Indeed, winter morph adult flies are the most cold-

tolerant D. suzukii life stage (Dalton et al. 2011; Stephens

et al. 2015; Shearer et al. 2016). Adult winter morph D.

suzukii exhibit a significantly colder lower lethal temper-

ature (Stephens et al. 2015), and live significantly longer at

constant 1 �C than summer morphs (Shearer et al. 2016).

Drosophila suzukii winter morphs may exhibit a repro-

ductive diapause because genes involved in DNA replica-

tion, female meiosis, and egg production were highly

down-regulated (Shearer et al. 2016).

Assays of seasonal reproductive status and laboratory

induction of reproductive diapause indicate that D. suzukii

may undergo a facultative reproductive diapause (Zerulla

et al. 2015; Wallingford et al. 2016). Zerulla et al. (2015)

evaluated the reproductive status of field-captured flies via

dissection of ovarioles from August 2012 to September

2013 at one location in the Adige Valley, South Tyrol,

Italy. Immature ovarioles were common at the beginning of

winter and females with maturing eggs could be captured

until the end of November, with the first spring maturing

eggs found in April 2013 (Fig. 3a). In 2014, the first spring

mature eggs were found in mid-March (Zerulla et al. 2015).

In northern regions of the USA, female flies captured in

adult traps were dissected and mature eggs counted from

July to December in 2012 (Benton Co., OR, USA) and

2013 (Ontario Co., NY, USA) (Wallingford et al. 2016).

Significantly fewer mature eggs were observed in the fall/

winter compared to the summer, with mature eggs present

from July–October in Oregon and July–November in New

York (Wallingford et al. 2016). Whereas, in warmer areas,

such as central California, the majority of field-captured

females contained mature eggs starting in April. Moreover,

about 3 % of these females contained at least one live larva

suggesting facultative ovoviviparity (Wang et al. 2016b).

The impact of photoperiod and temperature on D. suzukii

reproduction were evaluated in laboratory experiments

(Wallingford et al. 2016). Less than 2 eggs/female were

produced at 10 �C; therefore, no effect of photoperiod was

observable under those conditions. Significantly fewer

mature eggs were produced under most short day lengths

with less than 14 h of light at 15 �C, and 12:12 L:D

entrained females produce significantly fewer mature eggs

compared to control females (experienced the same tem-

perature as the experimental flies and constant darkness

during the experimental period but were entrained to long

day length 16:8 L:D prior to the experiment) at 15 and

20 �C. Females held at 10 �C 12:12 L:D begin to produce

more mature eggs than their controls after 7 weeks of

exposure, and produced similar numbers of eggs as their

controls when returned to summer conditions (after

7 weeks of exposure). This suggests that diapause is

spontaneously terminated during the winter and females

remain quiescent until favorable conditions occur.

Concluding remarks

Globally, research groups continue to develop D. suzukii

management tactics moving towards viable integrated pest

management (IPM) programs in affected crops (Haye et al.

2016). A recent review provided research directions to

improve D. suzukii IPM programs, highlighting a need for

improved population modeling (Wiman et al. 2016),

understanding of the role of non-crop host plants, and D.

suzukii movement at various geographic scales (Asplen

et al. 2015). Our ability to address these questions is hin-

dered by our knowledge of D. suzukii biology, physiology,

and ecology; and additional research in these areas is

crucial. We present current knowledge of D. suzukii biol-

ogy and physiology, specifically focusing upon juvenile

and adult development, reproduction, and seasonal impacts

on physiology.

Drosophila suzukii development and reproduction is

affected by host type, host quality, temperature, humidity,

and biotic factors such as symbionts and parasitoids.

However, information is currently lacking, including the

role of microorganisms and their impact on larval survival

and adult reproduction. Other species of Drosophila exhibit

complex interactions with various symbiotic microorgan-

isms including bacteria, hyphal fungi, and yeasts. Such

interactions are underutilized for pest management, and

their potential for use against D. suzukii is described

elsewhere in this issue (Hamby and Becher 2016).

Although D. suzukii clearly exhibit strong immune

responses in the face of parasitism, biological control

agents from its native range will likely play a role in

managing D. suzukii in its expanded range. Differences in

experimental design and intrinsic variables, such as Wol-

bachia and population genetics, contribute to the variabil-

ity in the D. suzukii life history parameters that have been

measured, complicating interpretations of life history traits

across experiments. Moreover, these differences suggest

that more work is necessary to better understand the impact
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of these variables on the life history parameters to effec-

tively exploit them for pest management. Accurate popu-

lation modeling requires additional measurement of life

history parameters across the breadth of environmental

conditions experienced by natural populations (Wiman

et al. 2014; Asplen et al. 2015). Such modeling can provide

critical decision support for pest management such as

improving the timing of management action and forecast-

ing D. suzukii populations. Additional work is needed to

determine the effects of season and climate on D. suzukii

populations, particularly at upper and lower extremes of

temperature and humidity. Winter temperature determines

the range of many insect species (Stahl et al. 2006; Cam-

inade et al. 2012), and mortality due to climate can regulate

the size of insect populations (Ferro 1987). Indeed, low

winter temperature can cause high mortality in overwin-

tering populations of insects in temperate climates effec-

tively reducing the number of colonizers in the following

spring (Ferro 1987). Therefore, D. suzukii overwintering

including: critical temperatures and photoperiods for

inducing reproductive diapause and seasonal cold harden-

ing, biology at temperatures\10 �C, and the potential for

seasonal migrations are important areas of future D. suzukii

biology and physiology research.

Here we summarize the most recent knowledge of the

biotic and abiotic factors impacting the biology, ecology,

and physiology of D. suzukii. We focused on aspects of

these topics that have received research attention, which

are by no means comprehensive. Several fields of study

remain poorly understood including behavioral, physio-

logical, and genetic adaptations to environmental extremes

and interactions between mutualistic and parasitic organ-

isms. We believe that increased research focus will be

given to these and other aspects of D. suzukii’s life history

that are outside the scope of this manuscript.
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